thermochemical conversion (TCC) is a chemical reforming process in which the depolymerization and reforming reactions of ligno-cellulosic compounds occur in a heated enclosure without free oxygen. The feedstocks for TCC processes include wood sludge, newspaper waste, straws, and many other types of biomass. Swine manure is one type of biomass that can be converted to value-added products. A TCC process of swine manure was developed and tested as an alternative means of waste treatment and renewable energy production (He et al., 2000a). Based on 135 different experiments, an average of 62.3% of the volatile solids in the feedstock was converted into an oil product with a chemical oxygen demand (COD) reduction of 60% to 70%. The effects of the operating temperature and retention time on the waste reduction efficiency and oil production efficiency were studied and discussed previously (He et al., 2000b). It was concluded from the study that the operating temperature was the key operating parameter. It had to be 285³C or above in order to successfully produce an oil product. Retention time highly depended on the operating temperature. When the operating temperature was increased to about 300³C, the retention time was shortened to 30 min or less. This article is the second part of a study on the operating parameters. The objective was to examine the effects of the feedstock pH, total solids (TS) content, and the ratio of carbon monoxide to volatile solids (CO/VS) on the oil production and chemical oxygen demand (COD) reduction efficiencies.
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MATERIALS AND METHODS
The TCC process, analytical methods, experimental procedures, and the source of feedstock were the same as employed in previous studies (He et al., 2000a (He et al., , 2000b . The apparatus used in the process was a 1.8-liter batch TCC reactor that could be operated at extreme conditions of 375³C and 34.5 MPa. The TCC reactor was equipped with systems for agitation control, temperature control, pressure monitoring, process gas introduction, and safety control. The feedstock, fresh swine manure, was collected from the partial slotted floor of a swine finisher room at the Swine Research Farm, University of Illinois at Urbana-Champaign. The total solids content (TS) of the fresh manure was 27.4% µ1.4% by weight with its natural pH of 6.06 µ0.17. The feedstock was prepared individually for each TCC test by adjusting the total solids content with tap water according to the experimental needs. Other analytical results of the fresh manure, such as the elemental and mineral contents, were presented previously (He et al., 2000a) .
The operating parameters in the TCC process include operating temperature, retention time, feedstock pH, carbon monoxide to volatile solids ratio, and total solids content. The operating temperature and retention time were kept constant throughout this study at 285³C and 120 minutes, respectively. The corresponding operating pressures, which were monitored but not controlled, were 7.5 to 11 MPa. Carbon monoxide was used as the process gas in the study and was introduced to the reactor before each run. The feedstock pH was adjusted to the desired levels by adding sodium A hydroxide or phosphoric acid solutions to the fresh manure according to pre-determined titration curves. The concentration of the acid or base solution was prepared in such a way that it contained the exact amount of acid or base to bring the quantified feedstock to the desired pH values of 4, 7, or 10. Experiments were also conducted without pH adjustment, i.e., with the natural manure pH of 6.06 µ0.17.
Solids analyses were performed on the oil product and post-processed water as described in Standard Methods for the Examinations of Water and Wastewater (Clesceri et al., 1989) . Chemical oxygen demand (COD) was measured using a colorimetry method (Hach Company, 1997) . The organic content in benzene solvent, or the benzene solubles, in the TCC oil products was measured according to the standard for that of petroleum products (ASTM Standard D-95, 1999) .
Although no additional catalysts were specifically added into the system, the plentiful supply of minerals contained in the manure slurry, such as sodium carbonate and nickel carbonate, were believed to serve as the catalysts for such a biomass conversion process (Appell et al., 1980; Kranich, 1984) . However, it is still unclear which minerals play key catalytic roles in the TCC process.
As in previous studies, the criteria used to determine the operating parameter effects are oil production efficiency, benzene solubles, and COD reduction efficiency. The feedstock of swine manure slurry was completely converted into different products after the process: TCC oil product, post-processed water, solid residues, and gases. The conversion rate of volatile solids in the feedstock throughout this process was 100%. Therefore, it was not employed to characterize the TCC process as in other biomass conversion processes. Oil production was used to measure the TCC process efficiency. Benzene solubles of the oil product was used as an indicator of the oil product quality. Waste strength of swine manure slurry was characterized by its COD. The relative change in COD from feedstock to the post-processed water was used as the measure of the waste reduction efficiency. The raw oil production efficiency, benzene solubles of TCC oil product, and COD reduction efficiency are defined as follows:
RESULTS AND DISCUSSION

EFFECT OF pH
The pH value of feedstock is the indication of the strength of acidity or alkalinity in the swine manure. The concentration of hydrogen ions (H + ) affects thermochemical conversion processes by serving as a catalyst for cellulose hydrolysis and polymer depolymerization reactions (Humphrey, 1979) . Deviation of pH from neutral, either too high or too low, may also create severe chemical corrosion of the apparatus under high operating temperatures. The mean pH of raw swine manure slurry is about neutral, 7.5 µ0.57 (ASAE Standards, 2000) , but measurements of the fresh manure used in this study showed that the fresh swine manure was slightly acidic, with an average pH of 6.06 µ0.17. No evidence of corrosion was observed in this study at this pH level.
Fresh swine manure has a strong pH buffer capacity. Experiments in this study showed that 8 grams of sodium hydroxide (NaOH) or 26.7 grams of phosphoric acid (H 3 PO 4 ) were needed to bring one kilogram of 20% TS manure slurry at pH 6 to pH 10 or pH 4, respectively, at room temperature. This high acid or base consumption is believed to be due to the chemical reactions between the Lewis acids, such as the carboxyl groups, and the base added, or between the Lewis bases, such as the amino groups and the hydroxyl groups, and the acid added. It was observed that the pH value of the post-processed water, when the feedstock pH was not controlled, was proportional to the operating temperature. The higher the operating temperature was, the higher the pH of the post-processed water, ranging from 5.43 at 275°C to 7.14 at 350°C. At 285°C, the average pH of the post-processed water was 5.54 µ0.19, based on 50 different experiments, which was about 9% lower than that of the natural feedstock pH.
To explore the pH effect on the process, we adjusted the pH of the feedstock to the desired levels by adding sodium hydroxide or phosphoric acid according to pre-determined titration curves. The operating parameters other than pH were kept the same, e.g., the operating temperature at 285³C, for these experiments. Four different pH levels were studied: 4, 7, 10, and no pH control. Experimental results showed that the pH of post-processed water still deviated from that of the feedstock, especially at a high pH (table 1). The factors affecting the pH of the system are complicated, including the organic acid formation (at pH 7 and pH 10) and/or Lewis base formation (at pH 4). One thing is certain: some reactions that could not occur at an ambient temperature happened when the operating temperature was raised to 285³C. These pH changes resulted from a series of unknown reactions that were related to the depolymerization process. The feedstock pH affected the oil production efficiency, benzene solubles, and COD reduction to different extents ( fig. 1 ). Table 1 . pH values of feedstock and post-processed water at the operating temperature of 285³C.
Before the Runs After the Runs pH = 4 4.46 ± 0.14 pH = 7 6.04 ± 0.22 pH = 10 7.41 ± 0.18 The oil production efficiency was significantly affected when the feedstock was in an alkali condition. When the feedstock pH values were controlled at 4 (acidic condition), 7 (neutral), and without pH control (6.06 µ0.17), the oil production efficiencies were at about the same level of 55%. When the feedstock pH was 10 (basic condition), the process yielded the highest oil production efficiency of 74%. This oil production efficiency was about 20% higher than those at pH 4, pH 7, and without pH control. Obviously, the high feedstock pH favored the oil formation process. One explanation for the high oil conversion efficiency may be the function of alkali carbonates. The carbonate is one of the catalysts widely used by many researchers to promote the biomass thermochemical conversion process. The carbonate concentration is relatively high and stable if the feedstock slurry is under a basic condition. As suggested by Appell et al. (1980) , the carbonate catalyzes the water-gas shift reaction by first forming an intermediate formate: 
If other reactive hydrogen-accepting compounds are present, the free hydrogen radical formed from the water-gas shift reaction will react immediately with the electron donors instead of forming molecular hydrogen. If the manure slurry is acidic, the carbonate will be unstable and tend to decompose into CO 2 under high temperatures. Therefore, a basic condition of the feedstock will benefit the oil formation process.
However, the benzene solubles of the oil product at pH 10 was only about 70%, not as high as that at pH 7 and without pH control (pH 6.1). In other words, the process yielded a better quality oil product at a neutral pH. At an operating temperature of 285³C, the highest value of benzene solubles, about 80%, occurred at pH 7. With the natural feedstock pH (without pH control), the benzene solubles of the oil product was about 78%, close to that at pH 7. The lowest value of benzene solubles, about 60%, occurred at pH 4. The COD reduction efficiencies were similar, at about 70%, for the three controlled pH levels, while the average COD reduction without pH control was lower, i.e., 65%. However, the difference was not significant between the controlled pH conditions and uncontrolled pH condition.
EFFECT OF CO/VS RATIO
In biomass liquefaction processes, a reductive chemical reagent, such as hydrogen or CO, is needed to increase the oil productivity (Datta and McAuliffe, 1993; Appell et al., 1980) . It was noted in this study that the addition of a process gas to the system was critical to the success of the TCC process, although the process gas may not be necessarily reductive (He et al., 2001) . Without a process gas, no oil product would have been produced. In this study, CO was used as the process gas in all the experimental runs. The CO/VS ratio, which is proportional to the initial pressure of the carbon monoxide introduced to the TCC reactor, was the operating parameter used in this study. The initial CO pressure ranged from 0.34 to 2.76 MPa, corresponding to CO/VS ratios of 0.07 to 2.6.
Carbon monoxide is a highly reductive reagent. It affects the TCC process in at least two ways. With the same operating temperature, a higher initial CO pressure resulted in a higher operating pressure that could potentially affect the biomass conversion process (Appell et al., 1980) . On the other hand, carbon monoxide is a deoxygenation reagent that directly participates in the biomass conversion reactions. In the TCC process, it reacted with oxygen-containing groups such as hydroxyl and/or carboxyl groups to release CO 2 , thus eliminating oxygen elements.
The CO/VS ratio affected the oil production efficiency, benzene solubles, and COD reduction efficiency differently ( fig. 2) . The oil production efficiency increased from 55% to 70% as the CO/VS ratio increased from 0.07 to 0.25, or the corresponding carbon monoxide initial pressure ranged from 0.69 to 2.76 MPa. In other words, the higher the CO initial pressure, the higher the yield of raw oil product. This is because higher CO initial pressures created a more reductive atmosphere that reduced the chance of over-oxidation of the carbon into CO 2 . The benzene solubles of the raw oil product was maintained at about 78% at different CO/VS ratios and did not increase, as expected, with the increase in the CO/VS ratio at this operating temperature (285°C). It was also found that the CO did not have enough reaction activity at temperatures of 285ºC or lower, indicated by the very low CO conversion rates. The CO conversion rates were less than 30% at 285°C but increased to 70% at 295°C (He et al., 2000b) . Excessive CO would not help to eliminate the oxygen element unless the CO was activated and participated in the reactions at higher temperatures. The COD reduction rates were almost constant at about 64% when the CO/VS ratio was 0.2 or lower. At a CO/VS ratio of 0.25, the COD reduction rate dropped to 50%. One possible explanation is that some of the water-soluble organic matter could not be completely oxidized due to a high reductive atmosphere created by the high CO/VS ratio. A high CO concentration in the system prevented organic compounds and reductive inorganic compounds (e.g., Fe +2 , Mn +2 , S -2 , N +4 , and N +2 ) from being oxidized. These compounds remained in the post-processed water and contributed to the high COD in the post-processed water, which resulted in a low COD reduction efficiency. Therefore, high CO/VS ratios do not benefit the COD reduction and oil quality. A high CO/VS ratio also increases the operating cost because the CO itself is a costly chemical and more CO will be needed to convert the same amount of volatile solids. As a result, a CO/VS ratio higher than 0.1 is not recommended.
EFFECT OF TOTAL SOLIDS CONTENT
The total solids (TS) content is another major parameter affecting the TCC process. Among the TS, the volatile solids content is the greatest possible portion that could be converted to an oil product. Therefore, high volatile solids content is desirable for a TCC process such as this. However, swine manure of 25% TS or more is difficult to pump and agitate thoroughly. Manure slurry with less than 10% TS is more common and easier to pump, but in such a conversion process the energy efficiency may be very low, and thus would be uneconomical. Generally, the total solids content from slatted manure pits is about 8% to 12%. The fresh manure used in this study had a total solids content of 27.4% µ1.4%, of which 87.3% µ1.2% was volatile solids. To explore the TS effects on the TCC process, four different TS levels, 10%, 15%, 20%, and 25%, were tested in this study. The experimental results are summarized in figure 3 .
The oil production efficiency varied significantly as the TS content increased. It increased from 5% to 65% when the TS changed from 10% to 25%. When the TS was higher than 20%, the oil production efficiency was higher than 60% for all experimental runs. However, when the TS changed from 20% to 25%, the oil production efficiency increment rate was not as high as when the TS increased from 15% to 20%. When the TS was less than 15%, the oil production efficiency was less than 30%. It was noted that not all experimental runs succeeded in yielding an oil product when the TS was 15% or less. About half of the experiments at 10% TS failed to produce an oil product. This phenomenon also happened occasionally at 15% TS. When the TS was 20% or higher, the process produced oil products successfully, and the oil yields were 60% or higher. Therefore, a high TS content, e.g. 20% to 25%, is desirable for the purpose of oil production. A possible explanation of why low TS leads to low or no oil product formation is as follows. The organic polymers were thermally broken down into small molecules, such as low molecule sugars. Because of the polar radical groups contained in the biomass (e.g., -COOH, -OH, -SH, and -NH 2 ), these small molecules dissolve in the water phase or are completely covered by water, especially at high temperatures. For the oil formation reactions to occur, the dissolvable molecules need a micro-organic phase as the media. This micro-organic phase could be the small oil droplets distributed in the water slurry. If the TS is too low, it is likely that all organic molecules will be completely surrounded by water molecules. The possible accumulation of organic clusters is diminished greatly. On the other hand, once the organic clusters form, they accelerate the oil formation process by providing a favorable reaction media. Eventually, the organic clusters gather together to form a continuous oil phase on top of the water phase, until the conversion process is completed.
Unlike the oil production efficiency, the benzene solubles of the oil product decreased slightly as the TS increased. When the TS increased from 10% to 20%, the benzene solubles were at the same level of about 80%. A slight decrease in the benzene solubles, from 80% to 74%, was observed when TS increased from 20% to 25%. There is no clear understanding of why the benzene solubles of the oil product would vary with different total solids contents.
The COD reduction increased from 56% to 70% when the TS increased from 10% to 25%. This indicates that the higher the TS content, the higher the COD reduction. This agrees with the increasing trend of oil production efficiency. The COD reduction increased about 15% when the TS increased from 10% to 25%. This increment rate was lower than that of the oil production efficiency, which was as high as 55% when TS increased from 10% to 25%. The solubles of organic matter in the post-processed water, i.e., the oxygen-and nitrogen-containing compounds, were the major contributor of the COD. From a waste reduction point of view, the higher the TS input, the better the COD reduction efficiency.
Due to the poor flow characteristics of the fresh manure, which contained 27% TS, no experiments with a TS level higher than 25% were conducted in this study. However, for the process to be successful, the TS content of the feedstock can be high as long as the water content can still form a continuous phase to provide the media for liquid depolymerizing reactions. Experiments were also conducted on the swine manure sludge that had been held in a pit for 4 to 8 weeks. After gravitational precipitation, the sludge had about 8% to 11.5% total solids content. Among the TS, about 70% to 80% were volatile solids. Under the operating conditions of 305³C, 120 min retention time, and a CO initial pressure of 0.69 MPa, the process yielded 70% to 73% of oil products, which were about the same level as those with 20% TS fresh manure as feedstock under the same operating conditions. The benzene solubles of the oil products varied from 50%, due to the high fixed solids content, to 86%. Therefore, the TCC process can also convert manure sludge from a pit with a relative lower solids content to oil products. No clear understanding was achieved as to why the digested manure sludge behaved differently from fresh manure at the similar lower TS levels, except that more polymers in the digested manure sludge were broken down by microorganisms into smaller molecules. The downside of using low-TS digested manure sludge is that more energy is consumed to maintain the bulk water at operating temperatures.
CONCLUSIONS
The adjustment of the pH values in the feedstock showed some advantages and disadvantages for the TCC process. At pH 10, the oil production efficiency was the highest among the four different pH conditions. However, the benzene solubles of the oil product was lower than those at pH 7 and without pH control (pH 6.1). Adjusting the feedstock pH to 7 is not recommended because it does not improve the overall process efficiency significantly. Feedstock in its natural pH condition combined with other operating parameters, such as the increased operating temperatures of 295³C to 305³C, yielded a better overall process efficiency (He et al., 2000b) .
A high CO/VS ratio could achieve an oil production increase rate up to 10%, but it did not improve the benzene solubles of the oil product nor the COD reduction efficiency. A high CO/VS ratio is also costly because more CO is needed. Therefore, a CO/VS ratio of 0.07 to 0.1 is recommended for the TCC process.
The total solids content of the feedstock significantly affects the process. The higher the TS content of the feedstock, the more efficient the process is, limited only by the handling ability of the feedstock. Fresh manure containing 20% to 25% total solids is suitable for the TCC process. The TCC process can also convert a lower-TS manure sludge from a pit into oil products, but with a sacrifice in process efficiency.
